Hydrogels copolymers N,N-dimethylacrylamide (DMA) and maleic acid (MA) were prepared by free-radical polymerization at 56 ∘ C in aqueous solution, using N,N-methylenebisacrylamide (NMBA) as cross-linking agent and potassium persulfate (KPS) as initiator. The effects of comonomer composition, cross-linker content, and variation of pH solutions on the swelling behavior of polymers were investigated. The obtained results showed an increase of the swelling of poly(N,N-dimethylacrylamide-co-maleic acid) (P(DMA-MAx)) as the content of maleic acid increases in the polymeric matrix, while they indicate a great reduction of the degree of swelling as the cross-linking agent ratio increases. It was also shown that the swelling of copolymer hydrogels increased with the increase of pH and the maximum extent was reached at pH 8.7 in all compositions. Fourier transform infrared spectroscopy (FTIR) revealed the existence of hydrogen bonding interactions between the carboxylic groups of MA and the carbonyl groups of DMA. Differential scanning calorimetry analysis (DSC) showed an increase of the glass-transition temperature ( ) as concentrations of MA and NMBA increased. Thermogravimetric analysis (TGA) of copolymers was performed to investigate the degradation mechanism.
Introduction
Hydrogels are composed of hydrophilic homopolymer or copolymer network and can swell in the presence of water or physiological fluids. Chemical cross-links (covalent bonds) or physical junctions (e.g., secondary forces, crystallite formation, and chain entanglements) provide the hydrogels , unique swelling behavior and three-dimensional structure [1] [2] [3] . Volume changes in hydrogels occur in response to changing environmental conditions such as temperature [4] [5] [6] , pH [7] [8] [9] , solvent composition [10] , and ionic strength [4, 11] . Hydrogels have been a topic of extensive research in the past decades and their properties as, for example, their high water content and the possible control over the swelling kinetics make them very attractive for biomedical applications [12] [13] [14] [15] [16] . The pH sensitive hydrogels containing pendant acidic or basic groups such as carboxylic acids, sulfonic acids, primary amines, or ammonium salts which change ionization in response to change in the pH have become the subject matter of major interest for use as carriers in drug delivery research [17] [18] [19] . Poly(N,N-dimethylacrylamide) is a hydrophilic polymer, due to its remarkable properties, such as water solubility and biocompatibility, and it is very useful in the biomedical applications including polymer supports for protein synthesis, twophase catalysts, and controlled drug delivery [20, 21] . Moreover, grafting of the N,N-dimethylacrylamide monomer onto substrates like poly(dimethyl-siloxane) produces a material with unique properties suitable for determining the diffusion characteristics of small molecule drugs, glucose, insulin, and albumin in vitro [22] .
The present work was aimed to synthesize the crosslinked copolymers of N,N-dimethylacrylamide (DMA) with maleic acid (MA) and to investigate the swelling behavior of the copolymer composed of a nonionic monomer DMA and an ionizable monomer MA. In order to study the effects of comonomer composition and the cross-linker content on the swelling of polymers, the equilibrium swelling values of DMA homopolymer and DMA-MA copolymers in buffer 2 solutions with different pH values at room temperature were determined. The thermal stability of PDMA and P(DMA-MAx) was investigated by thermogravimetry.
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Experimental
2.1. Materials. N,N-dimethylacrylamide (DMA) was supplied from Merck and purified with vacuum distillation prior to usage in order to remove the inhibitor. Maleic acid (MA, 99%) purchased from Fluka, N,N-methylenebisacrylamide (NMBA) from Fluka as a cross-linking agent, and potassium persulfate (KPS) from Merk as an initiator were used as received. Distilled water was used for the polymerization reactions and swelling studies.
The following pH-buffered solutions were used in order to examine the swelling behavior [23] : pH = 0.9, potassium chloride, = 0.14 M; pH = 3.9, citric acid/phosphate, = 0.23 M; pH = 6.9, citric acid/phosphate, = 0.49 M; pH = 8.7, boric acid/NaOH, = 0.02 M.
Synthesis of Hydrogels.
Poly(N,N-dimethylacrylamide) (PDMA), poly(N,N-dimethylacrylamide-co-maleic acid) (P(DMA-MAx)) containing 8, 15, 29, 33, and 38 mol% of maleic acid, using NMBA (0.32 mol% of the total mole number of monomers) as cross-linking agent, and P(DMA-MA8) with varying compositions of NMBA (0.16, 0.48, 0.64, and 1.28 mol% of the total mole number of monomers) were synthesized by free-radical polymerization using KPS as initiator. The polymerization recipes are listed in Table 1 .
Polymerization reactions were performed in glass tubes with the inner diameters of 1 cm and lengths of 10 cm. DMA and MA monomers with different molar ratios and crosslinker concentration were dissolved in water. After nitrogen bubbles for 20 min through the solution, the initiator KPS was added. Then, the polymerization was carried out at 56 ∘ C for 15 min. At the end of the reaction, the glass tubes were broken carefully without destroying the cylindrical hydrogels. The resulting hydrogels were sliced into small cylinders with lengths of 4 mm and then immersed in distilled water for 5 days, and the water was changed every 24 hours in order to remove the residual unreacted monomers. The resulting swollen gels were dried at room temperature for several days and then in a vacuum oven at 40 ∘ C until constant weight.
The compositions of the formed copolymer hydrogels were determined by elemental analysis for nitrogen (Microanalizador CHNOS-932 LECO).
Characterization
2.3.1. FTIR Measurements. Hydrogels samples were prepared by grinding the dry hydrogels with KBr and compressing the mixture to form disks and then dried in vacuum oven at 70 ∘ C for several days. FTIR spectra of these hydrogels were recorded on a model Perkin Elmer spectrophotometer at room temperature with a resolution of 2 cm −1 and were averaged over 60 scans.
DSC Measurements.
The glass transition temperatures ( ) of PDMA and P(DMA-MAx) hydrogels were determined with a Perkin-Elmer DSC-7 differential scanning calorimeter at a heating rate of 10 ∘ C/min under a nitrogen atmosphere in the 50 ∘ C to 220 ∘ C temperature range.
Thermogravimetric Analysis.
A thermogravimetric analysis of the hydrogels investigated was carried out on a TG SETARAM under nitrogen atmosphere from 25 ∘ C to 500 ∘ C at a heating rate of 10 ∘ C/min.
Swelling Measurements.
Dried hydrogels were allowed to hydrate in buffer solutions with different pH values 0.9, 3.9, 6.9, and 8.7 at 16 ∘ C. After being fully hydrated, the samples were taken out and the excess water on their surface was gently removed by filter paper.
The weights of the hydrating samples were measured at timed intervals. The swelling ratio (SR) and equilibrium swelling ratio (SR ) are calculated by the following equations [14] :
where is the weight of the swelled hydrogels at time , is the weight of the dried hydrogels, and denotes the weight of the gels at equilibrium swelling.
Results and Discussion
Swelling Behavior
The effect of maleic acid composition on the swelling of the prepared P(DMA-MAx) hydrogels at different pHs (0.9, 3.9, 6.9, and 8.7) and at 16 ∘ C was investigated. For instance, the swelling curves of P(DMA-MAx) hydrogels with different compositions of MA at pH 6.9 are given in Figure 1 (a). As seen in this figure, the swelling ratio increases with time, but, later, constant swelling values are observed. These swelling values can be considered as an equilibrium swelling ratio (SR ).
It is well known that swelling is induced by the electrostatic repulsion of ionic charges present within the network. Thus, as the number of carboxylic groups increases on going from PDMA to P(DMA-MAx), the swelling increases too.
The values of equilibrium swelling ratio of DMA/MA hydrogels in different buffer solutions are reported in Table 2 (a). As shown, the hydrophilic nature of the hydrogel copolymer is enhanced by increasing the amount of maleic acid [24, 25] .
Effect of Cross-linker Content.
The effect of increasing the amount of the cross-linking agent NMBA on the swelling capacity of the P(DMA-MA8) in different buffer solutions (pH 0.9, 3.9, 6.9, and 8.7) was investigated.
It is well known that the cross-link density directly affects the mechanical deformation of hydrogels. As the ratio of the cross-linking agent NMBA varied from 0.16 to 1.28 mol% in P(DMA-MA8), the degree of swelling was greatly reduced (Figure 1(b) ). It is expected that hydrogels with higher crosslink density would provide numerous water channels for the diffusion of water, but the water content decreases due to increased level of cross-linking [9, 26] .
The values of equilibrium swelling ratio of P(DMA-MA8) hydrogels with different NMBA contents at different pHs are given in Table 2 (b). Figure 2 (a) represents pH dependence of the equilibrium swelling ratio for P(DMA-MAx) hydrogels at 16 ∘ C in buffer solution from pH 0.9 to 8.7. As shown in this figure, the equilibrium mass swelling percentage for pure PDMA is not affected by varying the pH of the swelling medium since PDMA is nonionic hydrogel and does not have any group that could be ionized in an aqueous solution.
Effect of pH.
With the introduction of the MA groups into the main chain, the swelling ratios are enhanced as the pH values of buffer solutions are increased. The hydrogels exhibit lower swelling capability in an acid medium and higher degree in a basic medium. This is related to the fact that the carboxyl groups could accept or release protons in response to various pH aqueous media. At pH values lower than the pKa value of maleic acid, the first and second dissociation constants of MA are pKa 1 = 1.85 and pKa 2 = 6.06, respectively [27] ; the carboxylic groups present within the network remain almost nonionized, thus imparting almost nonpolyelectrolyte type behavior to the hydrogel. This is ascribed to the fact that a lot of hydrogen bonds are formed due to the presence of carboxyl groups in the gel network. The hydrogen bond interaction would restrict the movement or relaxation of the gel network chains. As a result, a compact hydrogel network is formed leading to a lower swelling ratio. On the contrary, when the pH of the swelling medium was above the pKa of the gel, the ionization of the carboxylic acid groups of the gel occurred. Consequently, hydrogen bonds are broken and an electrostatic repulsion is generated among polymer networks. This repulsive force would push the network chain segments Advances in Chemistry apart and thus attract more water into the hydrogels, so a higher swelling ratio is observed [28] [29] [30] [31] .
The percentage equilibrium swelling of P(DMA-MA8) is decreased with increasing cross-linking agent concentration (Figure 2(b) ). The increasing cross-link density restricts the swelling of the hydrogels.
Diffusion Process at Different pH.
Analysis of the mechanisms of water diffusion in swelling polymeric systems has received considerable attention in recent years, because of the important applications in biomedical, pharmaceutical, environmental, and agricultural engineering fields.
To determine the nature of water diffusion into hydrogels, kinetic modeling was conducted based on Fickian diffusion law for the onset stage of swelling (the model is valid only for the first 60% of the swelling) [14, 32] :
where is the total amount of water intake at time , ∞ is the total amount of water intake at an equilibrium state which is determined by a gravimetric method, is a swelling coefficient which is a parameter correlated with the polymeric network structures, and is an exponent characteristic of the swelling which represents solvent diffusion modes inside hydrogels. For Fickian kinetics in which the rate of penetrate diffusion is rate limiting, = 0.5, whereas values of between 0.5 and 1 indicate the contribution of non-Fickian processes such as polymer relaxation.
For respectively. After having been fitted, the kinetic parameters and as well the correlation coefficient 2 obtained are listed in Tables 3(a) and 3(b). The results indicate that the diffusion exponent for all samples ranges between 0.486 and 0.796, that is, non-Fickian or anomalous diffusion, and it occurs when the rate of permanent diffusion and the rate of polymer relaxation are comparable [32, 33] . Figure 4 shows the scale-expanded infrared spectra of PDMA and P(DMA-MAx) recorded at room temperature in the 3900-2400 cm −1 region. The spectrum of pure PDMA shows a broad band at 3506 cm −1 , corresponded to hydrogen bonding between carbonyl groups 6 Advances in Chemistry and hydroxyl groups of water. When the MA groups are introduced into PDMA matrix, this later gradually shifts to lower wavenumbers 3463 cm −1 , indicating the presence of hydrogen bonding interactions between carboxylic group of MA and carbonyl of amide. Moreover, the shoulder observed around 2510 cm −1 (shifted to 2580 cm −1 ) is characteristic of COOH dimers.
FTIR Analysis.
In the carbonyl stretching 1780-1560 cm −1 region, the infrared spectrum of PDMA recorded at room temperature shows a broad band at 1640 cm −1 , assigned to the free carbonyl groups of the amide. With the incorporation of the MA groups within PDMA chain, a new band appears at 1735 cm −1 , attributed to free carboxylic groups. In addition, the band at 1640 cm −1 shifts to lower wavenumbers 1635 cm −1 , corresponding to the DMA carbonyl group that is directly hydrogen bonded to the MA hydroxyl group (Figure 5(a) ).
The infrared spectra of P(DMA-MA8) with different NMBA compositions recorded at room temperature in the carbonyl region are illustrated in Figure 5 (b). We should notice a gradual shift of the characteristic band of the carboxyl-carbonyl amide interactions to higher wavenumbers with increasing NMBA content. This behavior reveals that hydrogen bonding associations are favored with the lower amount of NMBA.
Thermogravimetric Analysis.
The thermogravimetric (TGA) and derivative thermogravimetric (DTGA) curves for PDMA and P(DMA-MAx) containing 8, 15, 29, 33, and 38 mol% of MA are represented in Figure 6(a) . It is seen that all studied hydrogels degrade in two main stages.
Parameters, such as temperature of maximum degradation (determined considering the derivative curves) and percentage of mass loss in each stage of degradation for all studied systems, are summarized in Table 4(a). As observed, the mass loss for PDMA in stage 1 is apparently associated with adsorbed water. The second stage from 366 to 475 ∘ C corresponds to the effective degradation of the polymer.
For P(DMA-MAx), the percentage of mass loss at the range 5-16% in stage 1 can be assigned to the elimination of water adsorbed by the hydrophilic groups and probably to the elimination of hydroxyl groups due to the development of cyclic anhydride involving the liberation of water. Data from the literature indicated that with temperature increase (above 200 ∘ C), poly(styrene-co-maleic acid) with 42.8 mol% of maleic acid shows absorption bands at 1779 cm −1 and 1854 cm −1 which are typically associated with cyclic anhydride formation [34] . In the second stage, at higher temperatures decomposition of anhydride rings takes place and it is overlapped with degradation of the main chain.
The onset temperature of the second main degradation stage as well as temperature of maximum degradation for copolymers decreases with acid composition. The amount of residual weight at the end temperature of degradation increases with increasing acid content in P(DMA-MAx). The reason for incomplete degradation of copolymers is probably the thermal cross-linking induced by heating the sample during thermogravimetric analysis. The thermogravimetric (TGA) and derivative thermogravimetric (DTGA) curves for the copolymers P(DMA-MA8) with different amounts of NMBA are shown in Figure 6 (b) while Table 4 (b) summarizes their thermogravimetric parameters. The temperature of maximum degradation for these copolymers increases with NMBA content. This thermal stability is mainly due to an increase of the crosslink density. Figure 7 additional cross-links, thus reducing subchain mobility and resulting in less flexible network. The thermograms of P(DMA-MA8) with different amounts of NMBA are represented in Figure 7(b) . The values, in the range 127-134 ∘ C, are increased with increasing cross-linking agent content. The high cross-link density restricts the movement of polymer segment.
DSC Analysis.
Conclusion
A series of pH-sensitive P(DMA-MAx) hydrogels were synthesized by free-radical polymerization in water using NMBA as cross-linker.
The equilibrium swelling ratio of hydrogels increases with the increase of MA content but reduces with the increase of NMBA concentration. The hydrogels have apparent pHsensitive character. With increase in pH value from 0.9 to 8.7, the swelling ratio increased accordingly. In the diffusion transport mechanism study, the results indicate that the swelling exponent for PDMA and DMA-MA copolymeric gels is in the range from 0.486 to 0.796. This implies that the swelling transport mechanism is a non-Fickian transport. The thermal stability of the copolymers is essentially associated with the DMA monomer, losing stability when the percentage of MA in the copolymer system increases. The described pHsensitive hydrogel might have great potential application in drug delivery system.
